Abstract: Phase modulation is one of the key functionalities in an integrated photonics circuit. In the silicon photonics platform, several approaches have been undertaken. The thermooptic effect is slow and relatively power hungry, whereas a carrier-based approach is fast ( 9 Gb/s) but lossy and weak. Integration of other (e.g., electrooptic) materials typically struggles with fabrication issues that limit the effect. Here, we present a nanoelectromechanical systems-based approach. By applying a voltage over a freestanding slot waveguide, the slot width will change, resulting in an effective index change and thus a phase change. Using a cascaded structure, the effect can be enlarged without reducing the speed. A phase change of 40 was observed for a voltage of 13 V over a cascade of three 5.8-m-long freestanding slots. The expected speed is in the MHz range.
Introduction
Optical phase modulation is of key importance in data modulation or tuning applications. Integrated photonics has received a lot of attention in this area due to the possibility to fabricate low-power, compact phase modulators. One of these platforms is the silicon photonics platform. Using complementary metal-oxide-semiconductor (CMOS) compatible processes, very compact photonic structures such as integrated waveguides, wavelength (de)multiplexers, interferometers, sensors or optical filters can be fabricated.
Several approaches can be taken to integrate a phase modulator in this platform. The easiest and simplest approach of phase modulation is using the thermooptic effect in silicon. While it is a large effect, it also has a relatively large power consumption due the continuous current flow. Furthermore, the speed is limited as the thermooptic response is in the s range. This effect has been used to e.g., tune the resonance frequency of a ring resonator [1] , [2] . Carrier-based modulators are capable to reach up to several tens of Gb/s and higher, but are relatively large and lossy as the carriers increase the optical absorption of the waveguides [3] , [4] . Here, we present a compact, low-power optical phase modulation technique based on nanoelectromechanical systems (NEMS) using an underetched slot waveguide.
Apart from its attractive optical properties, crystalline silicon also has good mechanical properties. This stimulated a rapid development of the NEMS field in e.g., fabricating ultrasensitive sensors [5] . This platform furthermore allowed to observe and measure optical forces on integrated photonic circuits [6] - [8] . The principle of using a freestanding slot waveguide as phase modulator was already explained in [9] . A first proof-of-principle component using one single underetched region was presented in [10] . Here, we present a cascaded structure and investigate the dynamic behavior in more detail.
As a mechanical motion can induce a large effective index shift, compared to other techniques such as heating, carrier injection/depletion, electrooptic effect, . . . we can have an ultrasmall phase tuner. Such a structure works capacitively meaning that only power will be consumed when switching. The speed will depend on the mechanical relaxation constant of the structure, which lies in the MHz range for a typical freestanding waveguide. Since the structure discussed here was not optimized for high-speed operation, large distributed RC constants are present limiting the speed.
In the next section, the working principle of the slot waveguide is explained. Section 3 gives a mathematical description together with some simulation results. Section 4 presents the device layout and fabrication, followed by the measurement setup and results in Section 5. A conclusion is finally formulated in Section 6.
Principle
The principle of phase modulation is based on the fact that the effective index of a slot waveguide will change by changing the slot width. The effective index of the fundamental TE-like mode of the slot waveguide (Fig. 1) as a function of the slot width s was calculated using the Fimmwave mode solver [11] and can be found in Fig. 2 . A large change in effective index occurs as the slot width becomes smaller. The slot width can be changed by underetching the slot waveguide and applying a voltage. The structure can then be considered as a capacitor. By applying a voltage across the slot, it is well known that the beams (plates of a charged capacitor) will attract each other. By increasing the voltage, the beams are attracted and the slot width becomes smaller. This increases the attractive force even more. At a certain point, the attractive force becomes too large for the slot to be countered by the elastic force and the system becomes unstable resulting in a collapse of the slot waveguide. This is known as the Bpull-in[ effect in the microelectromechanical systems (MEMS) world and as a general rule of thumb occurs when the slot deviation is larger than one third of the nominal width. 
Mathematical Description
where E is Young's modulus ð¼ 169 GPa in Si for the crystallographic direction of interest), pðx Þ is the force distribution along the beam and I is the beam's area moment of inertia. In the direction of interest I is defined as
with w and t the width and thickness of the beam, respectively. When a voltage is applied across the slot, a force will be exerted on both beams which will depend on the width of the slot waveguide. The force distribution pðx Þ (N/m) can be expressed as
where V is the applied voltage and C½sðx Þ is the capacitance distribution (F/m) across the slot, which is a function of sðx Þ, the width of the slot. The capacitance distribution is given by
The magnitude of the force distribution is then given by
with 0 the vacuum permittivity. There is a squared dependence on the applied voltage and an inverse squared dependence on the slot width. This width between the slots is dependent on the beam excursion aðx Þ as where s 0 is the slot width when no voltage is applied. Inserting (6) in (5) and (5) in (1), we get the following nonlinear differential equation:
Different boundary conditions can be used. Fixed boundary conditions at the clamping points
Hinged boundary conditions allow no displacement, but do allow rotation at the clamping points. The boundary conditions become
Let us look at an example. We take a length of L ¼ 5:8 m (which is the beam length used in the fabricated device). Equation (7) is solved numerically using the parameters given in Fig. 1 . In Fig. 4 , the beam excursion of one of the slot beams with a length of L ¼ 5:8 m is shown as a function of x for different voltages, when fixed or hinged boundary conditions are used. When the voltage becomes larger than the Bpull-in[ voltage, the system becomes unstable and no solution is found. For L ¼ 5:8 m, the pull-in voltage was determined to be around 34 V for fixed and 15 V for hinged boundary conditions. The figure shows that the beam excursion is very dependent on the used boundary conditions. When the beam excursion is known, the phase change can be calculated as
with the wavelength of light and n eff ½sðx Þ is given by Fig. 2 . The predicted phase change for L ¼ 5:8 m is given in Fig. 5 . The maximum effect is the same for both cases as the pull-in effect occurs at the same beam deviation. The needed voltage for fixed boundary conditions is, however, much higher than for hinged boundary conditions. The length of the beam has a large influence on the effect. Fig. 6 shows the phase change as a function of applied voltage for different lengths of the beams for fixed boundary conditions. The phase change increases more sharply for larger voltages up to the point where Bpull-in[ occurs.
One can see that for longer beams, the effect becomes large for a small voltage. While the effect becomes larger for longer beams, so does the mechanical relaxation time. The speed of the system is limited by the mechanical resonance frequency of the beams. The fundamental resonance frequency f 0 of such a beam is given by
with L the length of the beam, I the moment of inertia given by (2), E Young's modulus, the mass density of silicon ð ¼ 2:3290 g Á cm À3 Þ and S the beam cross section. The parameter p ¼ 4:730 for fixed boundary conditions and p ¼ for hinged boundary conditions. Note the inverse L 2 dependence, meaning that using a shorter beam results in an increase of the resonant frequency. Fig. 7 shows the fundamental mechanical resonant frequency as a function of beam length. A speed of several tens of MHz can be obtained by using short freestanding structures. To get a large effect while keeping a high speed a cascade of short underetched structures is used as is discussed in Section 5. . An silicon-on-insulator (SOI) wafer with a 2 m buried oxide and a 220 nm top silicon layer is used. An etch step of 220 nm then defines the waveguides and slot waveguide while a 70 nm etch allows us to create shallow gratings, used for the Fabry-Pé rot cavity and fiber grating couplers [13] . The Fabry-Pé rot cavity allows us to measure the phase change by means of a spectral shift of the resonant wavelengths of the cavity. A cross section of the slot and all the designed dimensions is shown in Fig. 1 . The slot width is 100 nm wide, while the slot beams are 230 nm wide. Light enters through a single mode waveguide and is then guided to the slot waveguide through a specially designed transition [14] . The slot waveguide is underetched so that part of the slot is freestanding. After passing through this underetched slot, light is guided back to a single mode waveguide. The transitions are designed so that a voltage can be placed across the slot beams by using the electrical contacts B and C. The whole structure is placed between two Bragg mirrors that form the Fabry-Pé rot cavity. These Bragg mirrors were fabricated in a wide waveguide as the effective index of a wide waveguide is independent of the waveguide width making the mirror reflection less dependent on fabrication deviations.
The structure is underetched by defining three etch regions of 3 m length using contact-mask lithography and etching the buried oxide with buffered hydrofluoric acid (HF) for about 6 to 8 min. As the beams are relatively short, we were able to overcome the stiction problems that arise through capillary forces without the need of critical point drying. Fig. 9 shows a scanning electron microscope (SEM) picture of the phase modulator using a cascade of three freestanding underetched regions. Due to the isotropic HF etching, the underetched length is increased to 5.8 m. Fig. 10 shows a schematic of the measurement setup. The structure is excited through the broadband output light of a superluminescent light emitting diode (SLED). The light first goes through a polarization controller to rotate the light to the TE-like mode of the waveguide. It is then 
Measurements

Setup
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Ultracompact Phase Modulator coupled in an integrated waveguide using a standard grating coupler for near-vertical coupling [15] and passes through the Fabry-Pé rot cavity in which the slot waveguide is located. The output of the cavity is then sent to an OSA to detect peak shifting as a result of the phase change in the cavity. A voltage source is connected to the silicon pads to contact the waveguides.
Results
The measured spectra for the modulator are shown in Fig. 11 . The weak Bragg mirrors and losses in the cavity result in broad resonances. For larger wavelengths, the transmission decreases which suggests that the slot mode is reaching cutoff at the non underetched region (since there is no cutoff frequency when a slot is underetched).
By measuring the peak shift for different voltages, the effective phase change inside the slot can be calculated. This is shown in Fig. 12 , where also the theoretical solution is shown for different applied boundary conditions. A phase-change of about 40 was demonstrated for an applied voltage of 13 V. It is clear that the measurement results lie in between these two extremes. We also Fig. 9 . SEM picture of the fabricated NEMS-based phase modulator using a cascade of short underetched regions. Fig. 10 . Measurement setup for the characterization of the NEMS-based phase modulator: broadband light from an SLED goes through a polarization controller and is coupled into the photonic circuit using a grating coupler. The light at the output is sent to an Optical Spectrum Analyzer (OSA). A voltage source is connected to the Si-pads to apply a voltage over the slot.
note that the theoretical phase change is very dependent on the actual underetch length (see Fig. 6 ) and the initial slot width s 0 . When s 0 becomes smaller, the change in effective index becomes larger which can be concluded from Fig. 2 . By increasing number of elements in the cascade, a phase shift can easily be obtained.
The speed of the cascade is predicted to be faster than the speed of a longer single underetched slot because of the higher fundamental mechanical resonance frequency given in Fig. 7 . The fundamental resonance frequency of a 5.8 m beam is 60 MHz and 26 MHz for fixed and hinged boundary conditions, respectively. To investigate the dynamic behavior, a square wave is applied across the cascade. We excite the modulator with a single wavelength and as the Fabry-Pé rot resonance will shift (as seen in Fig. 11 ), the measured optical power will vary. This signal is then amplified with and erbium-doped fiber amplifier (EDFA), passes through a wavelength filter to filter out the broadband EDFA noise gain and is then measured with a high-speed photodiode. Fifty spectra are then averaged to reduce the noise, as we are measuring small power variations. Fig. 13 shows the measurement result. One of the beams is kept at ground while the other beam will have a square signal of 10 V and 100 s period. The substrate is also grounded so that the beams are not only attracted to each other, but one beam is also attracted toward the substrate. This force is, however, an order of magnitude smaller as the distance to the substrate is 2 m, compared to the 100 nm slot spacing. This asymmetric attraction can be overcome by using a bipolar source (one beam at þ5 V and the other beam at À5 V) as both beams will then be attracted toward each other and also to the substrate.
The initial drop in power appears when the voltage is switched on at one beam from 0 to 10 V. The reaction of the beam can be described by a simple damped oscillator. The beam is excited with a step response when the square wave is applied and thus multiple mechanical resonance frequencies will be excited. These will however be damped due to losses. There are three sources of losses that will damp the oscillations: intrinsic losses due to defects, clamping losses and gas damping. The gas damping will be the limiting loss factor which will limit the Q factor of the mechanical resonance and can be described by [16] 
with m eff the effective mass of the beam, ! 0 the angular frequency of oscillation, k B Boltzmann's constant, T the temperature, m the individual molecule mass, p the gas pressure and S the surface area of the resonator. For air damping, this results in a Q gas of only 7 for a 5.8 m beam at atmospheric pressure for the fundamental resonance frequency using fixed boundary conditions. The damping time is then 2Q=! 0 ¼ 37 ns limiting the effect to a few tens of MHz. The structure was, however, not optimized for high-speed operation. There was no high-speed electrical pad layout, limiting the measurement speed to a few MHz. Furthermore, the complete structure ðslot þ silicon pad þ access waveguidesÞ also acts as a large distributed capacitance to the substrate and has a high distributed resistance. The complete resistance is of the order 20 M while the complete capacitance is of the order 0.35 pF. The exact dynamic behavior is then difficult to predict. The RC constant is of the order 7 s which explains the slow exponential effects visible in Fig. 13 . The initial response is however as fast as we were able to measure showing that the structure can operate in the MHz range.
Conclusion
A novel type of phase modulation was investigated using a NEMS-based approach. Applying a voltage over the two beams of an underetched slot waveguide changes the beam position and thus its effective index. As this is a capacitive structure, power is only dissipated when switching. By using a cascade of short underetched slot waveguides, the effect can be large while maintaining highspeed operation. The expected speed is in the MHz range. For a cascaded structure of three 5.8 m long freestanding slot waveguides, a phase change of 40 was measured for a voltage of 13 V.
